Mesenchymal stem cells (MSCs) are one of the most useful cell resources for clinical application in regenerative medicine. However, standardization and quality assurance of MSCs are still essential problems because the stemness of MSCs depends on such factors as the collection method, individual differences associated with the source, and cell culture history. As such, the establishment of culture techniques which assure the stemness of MSCs is of vital importance. One important factor affecting MSCs during culture is the effect of the mechanobiological memory of cultured MSCs built up by their encounter with particular mechanical properties of the extracellular mechanical milieu. How can we guarantee that MSCs will remain in an undifferentiated state? Procedures capable of eliminating effects related to the history of the mechanical dose for cultured MSCs are required. For this problem, we have tried to establish the design of microelastically patterned cell-culture matrix which can effectively induce mechanical oscillations during the period of nomadic migration of cells among different regions of the matrix. We have previously observed before that the MSCs exposed to such a growth regimen during nomadic culture keep their undifferentiated state-with this maintenance of stemness believed due to lack of a particular regular mechanical dosage that is likely to determine a specific lineage. We have termed this situation as Bfrustrated differentiation^. In this minireview, I introduce the concept of frustrated differentiation of MSCs and show possibility of purposeful regulation of this phenomenon.
Introduction
Matrix rigidity-influenced control of stem cell differentiation has attracted considerable interest in the research fields of mechanobiology and biomedical engineering, triggered by a report from Engler et al. on mechanobiological lineage specification of mesenchymal stem cells (MSCs) (Engler et al. 2006) . Since then, stem cell mechanobiology has been extensively studied, with particular focus on the substrate/matrix mechanics-regulated differentiation of MSCs (Smith et al. 2017) , and some essential factors for mechanotransduction have been revealed (Dupont et al. 2011; Piccolo et al. 2014; Dupont 2016; Nardone et al. 2017) . The effects of typical mechanobiological parameters of the matrix, such as elasticity (Engler et al. 2006 ) and viscosity (Chaudhuri et al. 2015a, b; Bennett et al. 2018) , on the lineage of MSCs have been scrutinized and applied in biomaterials engineering (Li et al. 2017) .
On the other hand, MSC-based cell therapy has become more and more important in actual clinical applications (Galipeau and Sensébé 2018; Martin et al. 2019 ). The therapeutic effect of MSCs is derived not only from their differentiation potential or multipotency but also from their ability to secrete various useful cytokines and proteins with tissue protective effect such as BDNF, NGF, neurogulin-1, BNP, IL-6, FGF-2, GDNF, FGF-20, HGF, G-CSF, VEGF, and angiopoietin-1,2 (Crigler et al. 2006; Yoshihara et al. 2007; Phinney 2007; Fan et al. 2011; Kuroda et al. 2011) , and with immune-modulating effects such as sTNFR and TSG-6 (Prockop et al. 2010) . Indeed, most of current cell therapy with MSCs relies on this latter cytokine effect, in which MSCs are typically used in an undifferentiated state prior to specifying a certain lineage. Therefore, maintenance of the stemness of MSCs is an essential requirement for actual clinical application.
Although mechanobiological investigations and actual clinical applications of MSCs are expanding as mentioned above, the same fundamental problems with MSCs remain (Shen 2013; Sipp et al. 2018 ): i.e., problems regarding the assurance of MSC quality and their corresponding therapeutic effectiveness. Regarding the first point, MSCs are still not perfectly defined as a cell population and not enough reliable markers have been established (Mendicino et al. 2014; Lv et al. 2014) . In fact, the situation is so confusing that the term Bmesenchymal stem cellsî tself has been reconsidered as Bmesenchymal signaling cells ( Calpan 2017) . Secondly, the population of MSCs in a sample is heterogeneous in principle due to differences between the source tissues and individuals. Thirdly, due to the nature of the asymmetric division of a MSC, i.e., a genuine MSC proliferates very slowly, while transiently amplifying cells grow fast, most MSC samples contain very few genuine MSCs (ca. 0.2%) with threeway differentiation potential (adipo-, osteo-, and chondrogenic differentiation) and the remainder are MSCs with some bias for specific lineages (Okamoto et al. 2002) . Fourthly, the stemness of MSCs varies depending on the culture method and the environment during maintenance culture (Yang et al. 2014) . Although these problems hinder the precise definition of MSCs, there have been a growing number of mechanobiological investigations. However, are the results really sufficiently reproducible and realistically fundamental for understanding the mechanobiology of cells with such an unidentified character, so-called MSCs?
As most researchers who actually handle MSCs know well, it can sometimes be difficult to reproduce the mechanobiological behaviors of MSCs. One of the essential reasons for this is the changes in the MSC population during passage culture on conventional plastic dishes. For example, Young and Anseth reported that the memory of the mechanical dose provided by the culture substrate critically modulates the differentiation propensity of an MSC sample (Yang et al. 2014 ). As they clearly demonstrated, long-term culture of MSCs on a stiff substrate induces a quasi-irreversible bias of lineages of MSCs to osteogenic differentiation, which means a deterioration of the stemness of MSCs and may also cause loss or reduction of undifferentiated MSC-based therapeutic effects. Such an unsteady property of differentiation propensity should inevitably affect the mechanobiological behaviors of MSCs. MSC samples used in basic and clinical studies must be well-defined in terms of their culture history and mechanical dose received from extracellular milieu. How should we assure the stemness and quality of MSC samples so that we can perform reliable experiments on the mechanobiology of MSCs?
Here, we should divide the problem into two parts: the heterogeneous population of MSCs and the lack of a methodology for maintaining the stemness of MSCs. To address the former issue, the marker expression profiles in MSC samples must be characterized. Recently, single cell-based RNA-seq analysis has been applied to characterize the heterogeneous populations of MSCs and to clarify the actual features of the cell ensemble of so-called MSCs (Freeman et al. 2015; McLeod and Mauck 2017; Liu et al. 2019 ). However, even if the general definition of MSCs is established in the future based on such an analysis, the latter issue of time-and environment-dependent deterioration of stemness should prevent the reliable experimental use of MSCs. In this sense, the development of a culture substrate or matrix to maintain the stemness of MSCs is essential for fundamentally supporting sound mechanobiological science and technology for MSCs.
Below, I discuss a design concept for such a culture substrate and introduce a proof of concept which we recently developed.
Methodology to avoid accumulating a culture history for MSCs
How can we guarantee that MSCs will remain in an undifferentiated state? In principle, elimination of the history of the mechanical dose for cultured MSCs should be effective. Considering that MSCs can sense and memorize mechanical signals and their dose from the culture substrate, avoidance of the accumulation of mechanical signals or initialization of the mechanical history may help to avoid biasing a stem cell toward a specific lineage. To establish a technology that can maintain MSCs in an undifferentiated state, it is essential to modulate the dynamics of mechanical signal input to cells from the culture substrate. How should we design an extracellular mechanical environment to avoid accumulating the culture history for MSCs?
An effective approach is to make the mechanical signals oscillate (Fig. 1) . If the mechanical signals are continuously changed within a short period, in succession, the cells should not accumulate enough of a mechanical dose to determine specific lineages. Indeed, they could not differentiate even if they wanted to. We referred to this state as Bfrustrated differentiation^ (Kidoaki and Jinnouchi 2012; Kidoaki et al. 2017) . How can we drive such oscillation of mechanosignal input from the culture substrate? The use of a mechanically oscillating substrate should be effective, but requires equipment for stretching the substrate and special incubators. Thus, from a practical viewpoint, we used a method that takes advantage of spontaneous cell migration. Since MSCs typically exhibit random crawling on the substrate during usual culture, if we could prepare a patterned substrate with a heterogeneous distribution of elasticity, as in stiff and soft regions, MSCs should encounter regions with different levels of elasticity when they move and thus receive different mechanosignals. Such migration on heterogeneous matrix elasticity is expected to realize the quasi-oscillatory input of mechanosignals to MSCs in stand-alone static culture systems.
Such nomadic culture of MSCs on a heterogeneous matrix elasticity could provide another principle for the inhibition of undesired differentiation. Mechanoresponsive lineage specification is regulated by mechanotransducing co-transcriptional factors such as YAP/TAZ interacting with LATS1/2 and AMOT (Piccolo et al. 2014) . YAP/TAZ and its binding proteins such as RUNX2 shows characteristic cytoplasmic localization in MSCs cultured on softer substrates, but nuclear translocation on a stiffer substrate (Dupont et al. 2011) . These behaviors are associated with lineage specification toward adipogenic and osteogenic differentiation, respectively (Dupont et al. 2011) . If the localization of these factors could be prevented for both the cytosol and nucleus in an oscillatory shuttling manner, signal pathways for adipogenic and osteogenic lineages could show short-term alternation during nomadic culture and induce frustrated differentiation. To induce such nucleocytoplasmic shuttling of mechanotransducing factors in MSCs, the elastic moduli of soft and stiff regions should be appropriately designed across a threshold modulus that divides localization between the nucleus and cytoplasm. The threshold value is typically around 10 to 20 kPa, but depends on the lot of MSCs. In addition, the scale of the heterogeneous distribution of elasticity should also be carefully designed to be comparable to the size of a single cell. If the soft/stiff domains are as small as a nanoscopic scale, the mechanosignal input through focal adhesions in the adhered interfaces would be almost averaged within the adhered area of a single cell. The cell-scale heterogeneity is expected to provide large fluctuation and oscillation of mechanosignal input between the conditions of growth and destruction of the mechanical dose.
Design of a heterogeneous matrix elasticity to induce nomadic migration of MSCs
To realize the above-mentioned nomadic culture of MSC on a heterogeneous matrix elasticity, there is a critical requirement for the substrate design. In general, adherent cells show directional movement toward stiffer regions, so-called durotaxis (Lo et al. 2000) . MSCs are a typical type of adherent cell and exhibit durotaxis. However, durotactic migration is an obstacle for the induction of nomadic culture, because the cells will accumulate in a stiff region according to durotactic motility if the stiff region is larger than the adhered area of a single cell.
To address this issue, cellular durotaxis should be controlled through appropriate design of the culture matrix. To satisfy this requirement, we have developed the photolithographic micro elasticity pattern of cell culture hydrogels of photocurable gelatin (Kidoaki and Matsuda 2008; Kawano and Kidoaki 2011; Kidoaki and Sakashita 2013; Kuboki et al. 2014; Ueki and Kidoaki 2015; Moriyama and Kidoaki 2018) . Based on this methodology, we previously determined the threshold gradient strength of elasticity to induce durotaxis (Kawano and Kidoaki 2011; Moriyama and Kidoaki 2018) , constructed a gel to rectify durotaxis (Kidoaki and Sakashita 2013) , established the condition of durotactic repulsion from a soft narrow band (Kuboki et al. 2014) , and found the curvature condition of the elasticity boundary to induce inverse durotaxis (Ueki and Kidoaki 2015) . By applying these design criteria, nomadic migration of MSCs on a heterogeneous matrix elasticity can be possible with optimization of the size and the shape of stiff regions. If the area of the stiff region is set to be smaller than the spread area of a single cell, MSCs will fail to completely spread in the stiff region and return to the soft region. The returned MSCs will try to re-enter the stiff region according to their durotactic responses, and thus will continuously move between stiff and soft regions on the heterogeneous matrix elasticity. Such nomadic movement of MSCs between regions with different levels of elasticity is expected to induce frustrated differentiation.
Demonstration of a proof of concept of frustrated differentiation
To realize the nomadic culture of MSCs on a heterogenous matrix elasticity, we actually fabricated microelastically striped-patterned gel with optimized widths of soft and stiff bands (Fig. 2a) . Young's modulus for the soft and stiff regions was about 10 kPa and 300 kPa, respectively (Fig. 2b) , according to similar preparation conditions reported previously Fig. 1 Schematic representation of strategy for MSCs to avoid accumulating mechanical memory from the culture substrate through oscillating input of mechanical signals (Kawano and Kidoaki 2011; Kidoaki and Sakashita 2013; Kuboki et al. 2014) . The width of each region was designed to be 50 μm, which is smaller than the size of a single MSC (long-axis length of ca. 70-100 μm) to inhibit complete spreading. The migration behaviors of MSCs on the prepared gels were observed, and the cell trajectory was analyzed for 24 h at 1 day, 4 days, and 7 days after seeding. As the cell trajectory graph shows (Fig. 2c) , cells certainly moved around and over the 100-μm-wide unit patterns, indicating the induction of nomadic movement. The time course plot of how long each MSC stayed in soft and stiff regions indicates random nomadic movement between the two regions during the 7 days of culture (Fig. 2d) . From this plot, the number of times cells crossed a boundary and the time that cells stayed in each region were determined to be several hours (Fig. 2e) . By designing the microelastically stripe-patterned gels, nomadic movement of MSCs between soft and stiff regions can be successfully maintained during 1 week of culture. Figure 3 shows the results regarding the expression of differentiation markers. Interestingly, differentiation markers for neuro-, myo-, and osteogenic lineages were confirmed to be simultaneously suppressed, which suggests the emergence of the frustrated differentiation of MSCs.
Conclusion and future works
In this minireview, I introduced a methodology for maintaining the stemness of MSCs through nomadic culture on a heterogeneous matrix elasticity. Though the concept of frustrated differentiation and its basic proof have been demonstrated, comprehensive characterization of an MSC population and rigorous analysis of gene expression of the undifferentiated phenotype must be completed. To accomplish all of these 3 Immunofluorescence observations for expression markers of neuro (β3 tublin), myo (MyoD), and osteogenic (CBFα1) lineages in MSCs culture on the elastically stipe-patterned gel and elastically plain gels with Young's modulus of 10, 100, and 300 kPa. Positive and negative expressions are highlighted with red and blue boxes, respectively. Scale bar shows 100 μm. (Kidoaki and Jinnouchi 2012) goals, the unsteady nature of MSC samples as mentioned in the BIntroduction^section may hinder precise characterization of the undifferentiated state of MSCs. We are exploring these issues and will report complete results in the near future.
